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Summary 
The crystal structure of the core domain of bacterio- 
phage Mu transposase, MuA, has been determined at 
2.4/~. resolution. The first of two subdomains contains 
the active site and, despite very limited sequence ho- 
mology, exhibits a striking similarity to the core do- 
main of HIV-1 integrase, which carries out a similar set 
of biochemical reactions. It also exhibits more limited 
similarity to other nucleases, RNase H and RuvC. The 
second, a I~ barrel, connects to the first subdomain 
through several contacts. Three independent determi- 
nations of the monomer structure from two crystal 
forms all show the active site held in a similar, appar- 
ently inactive configuration. The enzymatic activity of 
MuA is known to be activated by formation of a DNA- 
bound tetramer of the protein. We propose that the 
connections between the two subdomains may be in- 
volved in the cross-talk between the active site and 
the other domains of the transposase that controls the 
activity of the protein. 
Introduction 
Bacteriophage M u, which multiplies by replicative transpo- 
sition, is one of the best characterized of the mobile ge- 
netic elements (for reviews see Haniford and Chaconas, 
1992; Mizuuchi, 1992). The transposase responsible for 
this reaction, M uA, is a member of a large family of transpo- 
sase and integrase enzymes. The reactions catalyzed by 
these enzymes are important, among other things, in the 
transmission of drug resistance among bacteria, in the 
integration of retroviruses, and as tools for genetic engi- 
neering and gene therapy. 
The Mu transposition reaction proceeds through a series 
of protein-DNA complexes called Mu transpososomes, at 
the core of which are the two ends of the Mu genome, 
synapsed by a tetramer of the MuA protein. MuA first intro- 
duces a site-specific nick at each end of the Mu genome 
and then catalyzes the attack of the newly freed 3' OHs 
on a target DNA molecule, resulting in a branched DNA 
structure, which can be assembled into a replication fork 
by recruiting host enzymes (Figure 1; Craigie and Mizuu- 
chi, 1987; Surette et al., 1987; Kruklitis and Nakai, 1994). 
Aberrant ransposition reactions could be fatal to the bac- 
teriophage, and under physiological conditions, assembly 
of the proper complex is tightly controlled. Some of these 
control factors can be circumvented in vitro, but chemical 
activity of the protein is still tightly correlated with formation 
of tetramers that synapse two Mu end DNA segments (Mi- 
zuuchi et al., 1992; Baker and Mizuuchi, 1992; Namgoong 
et al., 1994; H. Savilahti, P. R., and K. M., unpublished 
data). 
MuA is 75 kDa in size, is monomeric in the absence of 
DNA (Baker and Mizuuchi, 1992; K. M., unpublished ata), 
and can be divided into several domains. The first 76 resi- 
dues bind to an internal activating sequence (IAS, an en- 
hancer-like sequence element required for efficient as- 
sem bly of the M u transpososome) that is transiently bound 
during complex assembly but is not stably bound to the 
final transpososome (Leung et al., 1989; Surette and Cha- 
conas, 1992; Mizuuchi and Mizuuchi, 1989). The structure 
of this domain has recently been shown by nuclear mag- 
netic resonance (NMR) to be a winged helix-turn-helix mo- 
tif (Clubb et al., 1994). The next domain, residues 77- 
247,is responsible for sequence-specific binding to the 
Mu genome ends (Nakayama et al., 1987; Leung et al., 
1989). Residues 248-574 form the core of the enzyme 
that contains the active site and nonspecific DNA-binding 
activity (Baker and Luo, 1994; Nakayama et al., 1987). 
The C-terminal domain, residues 575-663, contains a re- 
gion that is important in tetramer formation, 575-605 (Des- 
met et al., 1989; Betermier et al., 1989; Baker et al., 1993), 
and also a region that is responsible for interaction with 
MuB protein, an allosteric activator of MuA that also binds 
to target DNA and facilitates target immunity (Wu and Cha- 
conas, 1994; Baker et al., 1991; Surette and Chaconas, 
1991; Surette et al., 1991; Adzuma and Mizuuchi, 1988). 
MuA protein truncated at residue 574 will not form tetra- 
mers on its own, but will participate in the reaction if mixed 
with intact protein (Baker et al., 1993; T. A. Baker, personal 
communication). Thus, this version of the enzyme is active 
but partially defective in oligomerization. 
In the MuA tetramer, each monomer appears to be re- 
sponsible for a separate step of the reaction: two mono- 
mers nick the two Mu genome ends, and the other two 
catalyze the transfer of the ends into the target DNA (Baker 
et al., 1993, 1994). Both reactions require divalent metal 
ions, and for the strand transfer eaction, it has been dem- 
onstrated that the reaction proceeds with inversion of chi- 
rality at the phosphate, implying that the reaction proceeds 
by direct attack of the 3' OH on the target DNA rather than 
through a protein-DNA covalent intermediate (Mizuuchi 
and Adzuma, 1991). For the closely related HIV integrase 
reaction, inversion of chirality has been demonstrated at 
both the viral DNA end cleavage and strand transfer steps 
(Engelman et al., 1991). 
Mutational analysis has identified three acidic residues 
that are essential for catalytic activity and that have been 
implicated in metal binding: D269, D336, and E392 (Baker 
and Luo, 1994; Kim et al., 1995; E. Krementsova and T. A. 
Baker, personal communication). These residues lie in the 
core domain and correspond to the D-D-35-E motif that 
is conserved among many transposases and retroviral in- 
tegrases (Kulkosky et al., 1992; Radstrom et al., 1994; 
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Figure 1 Diagram of Transposition Pathway 
MuA binds specifically to the ends of the bacteriophage Mu genome 
and forms a tetramer that synapses the two ends of the g nome. Under 
physiological conditions, divalent metal ion, supercoiling, and the host 
proteins HU and IHF are needed for efficient complex formation. An 
"internal ctivating sequence" (not shown) found with in the M u genome 
is transiently bound during assembly. In the presence of Mg 2+, specific 
nicks are introduced at the Mu-host junction. The target DNA is "deliv- 
ered" by the MuB protein. MuB is a nonspecific DNA-binding ATPase 
that mediates target immunity and also activates MuA for strand trans- 
fer. The 3' OH groups at the ends of the Mu genome attack the target 
DNA to generate the strand transfer product, which s resolved by host 
proteins. 
Doak et al., 1994), although the spacer between the sec- 
ond D and the E is 55 rather than 35 amino acids in MuA. 
We report here the crystal structure of the core domain 
of MuA, residues 248-574. Two different crystal forms of 
the protein have been solved, one at 2.8 ,~ resolution and 
one at 2.4 ,&,. Our structure can be divided into two subdo- 
mains, the first of which is strikingly similar to the structure 
of the core domain of HIV-1 integrase (Dyda et al., 1994). 
While some structural similarity, at least in the active site 
region, was expected from the mechanistic similarities be- 
tween the two enzymes, the degree of similarity seen is 
much greater than could have been anticipated from the 
very limited sequence homology. Our structure and the 
recently published integrase structure reveal that these 
enzymes are not only related to one another, but also to 
a larger family of polynucleotidyl transferases, including 
RNase H and the Holliday junction-resolving enzyme 
RuvC (Katayanagi et al., 1990, 1992; Yang et al., 1990; 
Ariyoshi et al., 1994; Davies et al., 1991). 
Results 
Structure Solution 
The structure of the core domain of MuA has been solved 
in two different crystal forms. The monoclinic rystal form, 
which contains two monomers in the asymmetric unit, was 
solved by multiple isomorphous replacement, using two 
heavy metal derivatives and the anomalous scattering 
component from one of them (see Experimental Proce- 
dures for details). Initial phases were calculated to 3.2 
/~ and were improved and extended to 3.1 ,~, by solvent 
flattening and averaging about the noncrystallographic 
twofold axis. (Figure 2A!. It has now been refined to an R 
factor of 21.4% at 2.8 A resolution, with good geometry 
(Table 1). 
The orthorhombic rystal form contains one monomer 
in the asymmetric unit and was solved by molecular re- 
placement, using monomer 1 from the first crystal form 
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Figure 2. Electron Density 
(A) Experimental electron density map for theC2 crystal form. Refined 
coordinates are shown superimposed on the averaged experimental 
electron density map calculated at 3.1/~, resolution. Portions of ~ strand 
3 and helix E are shown. See Experimental Procedures for details. 
(B) Simulated annealing omit map from the C2221 crystal form. Resi- 
dues 354-356 were deleted from the model, and all residues within 
3/~, of them were restrained to their original positions. The Fo~ - Fc=c 
map, after simulated annealing, isshown contoured at 2.4 a. Although 
R355 lies in a disallowed region of the Ramachandran plot, clear den- 
sity can be seen for the peptide backbone. 
as a search model. This structure has been refined to an 
R factor of 19.6% at 2.4 A, also with good geometry. 
Three independent determinations of the monomer 
structure are provided by these two crystal forms. In all 
three, 9 or 10 residues at the N-terminus and 14 residues 
at the C-terminus are not visible in the electron density 
map and are therefore not included in the model. In the 
orthorhombic rystal form, one turn (418-425) is also dis- 
ordered. In the Ramachandran plot for the higher resolu- 
tion structure, 89.7% of residues fall into the most favored 
regions (as defined by PROCHECK, Laskowski et al., 
1993). Only one nonglycine residue, R355, lies in a disal- 
lowed region in the Ramachandran plot. This residue is 
found in the same conformation in all three models, and 
electron density for it is clearly visible in a simulated an- 
nealing omit map calculated over this region, including 
well-defined carbonyl oxygens, confirming that the back- 
bone conformation in our model is correct in this region 
(Figure 2B). Interestingly, the peptide bond immediately 
N-terminal to this residue appears to be a predominant 
chymotrypsin cleavage site in the Mu transpososome 
(T. A. Baker, personal communication; see Discussion). 
Overall Structure and the Active Site 
The MuA core can be divided into two subdomains: resi- 
dues 258-490 form a mixed a/l~ domain, which contains 
the enzyme active site, and residues 491-560 form a 
smaller C-terminal I~ barrel (Figure 3). The N-terminal sub- 
domain contains a central five-stranded mixed parallel and 
antiparallel ~ sheet, with helices on either side. Its struc- 
ture bears a striking resemblance to that of several other 
enzymes that also catalyze the nicking/transfer of nucleic 
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Table 1. Refinement Statistics 
Form 1 Form 2 
Space group C2 
Monomers per asymmetric unit 2 
Unit cell a = 172.3/~, b = 52.2 ,~ 
= 115.5 °
Resolution range 8-2,8 ,~, 
Completness of data  
Overall 93.00/0 
Outermost shell 84.7% (2.8-2.92 ~,) 
R b 21.4% 
Rfr~ c 27.60/0 
Rms deviation from ideal 
Bond lengths 0.008 J, 
Bond angles 1.32 ° 
c = lO l .6 / ,  
C2221 
1 
a = 55.8,'~ b = 81.1,~ 
8-2.4  ~, 
87.00/0 
65.7% (2.4-2.81 ~,) 
19.60/0 
26.0o/0 
O.Oll ~, 
1.49 ° 
c = 161.3 ~, 
a Data with F < lo~ were excluded from the refinement. 
b R = T-,lFoa~c- Fobs I/Z; Fobs for all reflections used in the refinement. 
Rfr~ = the same as R, but for the 5% of the reflections that was not used in the refinement process. 
acid strands: HIV-1 integrase, RNase H, and RuvC (see 
below). 
Two of the residues known to be essential for catalysis, 
D269 and D336 (Baker and Luo, 1994; E. Krementsova 
and T. A. Baker, personal communication), are found on 
adjacent strands of the 13 sheet, and the third, E392, is on 
a loop that passes across the front of the sheet. E392 
lies too far from the two aspartic acids to be involved in 
cooperative binding to a divalent metal ion. We suspect 
that the fragment as we see it is in an inactive conforma- 
tion, which may reflect the fact that MuA is not normally 
active until it has formed a tetramer bound to the proper 
DNA substrates. We imagine that the loop containing E392 
rearranges to bring the three acidic residues in close prox- 
imity upon activation of the protein (see Discussion for 
details). The position of E392 in our model is not simply 
the effect of crystal packing contacts on an otherwise com- 
pletely flexible or disordered loop, since it lies in very simi- 
lar positions in both crystal forms and since in either form 
there are no packing contacts in the immediate vicinity. 
The face of the 13 sheet just above the active site (as shown 
in Figures 3B and 3C) is rather polar for its partially buried 
location and includes a network of hydrogen bonds involv- 
ing residues Q293 (on strand 2) and N276 (on strand 1) 
and several water molecules. 
The helix following E392 (~D) is quite unusual in its struc- 
ture. it begins with a short stretch of 31o helix (in which 
the hydrogen bonds extend from residue i to residue i+3), 
then forms one standard a helix hydrogen bond (i to i+4), 
and ends with a ~ helix-type hydrogen bond (i to i+5). 
Water molecules form hydrogen bonds to the peptide 
backbone at the transition points between hydrogen bond- 
ing patterns, where some of the donor and acceptor 
groups would otherwise be left unsatisfied. A simulated 
annealing omit map calculated over this region confirmed 
our interpretation (data not shown). 
D294 is conserved in many related enzymes, and the 
substitution of N for D at this residue destroys all but a 
trace of the catalytic activity (Baker and Luo, 1994; Kim 
et al., 1995). This residue is not part of the active site, but 
rather is part of the tight turn between 13 strands 2 and 3. 
It forms hydrogen bonds both to a backbone amide in 
the turn and to the side chain of T297, which is generally 
conserved as S or T in related enzymes. 
The C-terminal subdomain is an antiparallel six-stranded 
13 barrel. The topology of this barrel, a Greek key followed 
by a hairpin, is the same as that of the two 13 barrels of 
chymotrypsin (Matthews et al., 1967), except hat the MuA 
barrel is "inside out" relative to chymotrypsin: the face of 
the 13 sheet that forms the inside of the MuA barrel forms 
the outside of the chymotrypsin barrels. 
In teract ions  between Subdomains  
The interface between the two subdomains is not large 
and includes a n umber of partially buried water molecules. 
Most of the direct contacts of the first subdomain with the 
second are made by helix G and by the loop between 
helices B and C. The tip of this loop is structurally an 
integral part of the second subdomain, as three of its resi- 
dues, ¥354, F356, and V358, form part of the hydrophobic 
core of the second subdomain and are separated by par- 
tially buried water molecules from the rest of the first sub- 
domain (Figure 4A). Furthermore, there are several main 
chain hydrogen bonds between this loop and 13 strands 6 
and 7 of the second subdomain. The extended loop be- 
tween 13 strands 1 and 2 also makes some, but consider- 
ably less, contact with the second subdomain. This loop 
also has large hydrophobic residues at its tip (W279 and 
F280), but they are more closely associated with the first 
subdomain than the second. Helix A and 13 strand 3 make 
largely water-mediated contacts with the second subdo- 
main. In fact, a line of water molecules can be seen be- 
tween these two secondary structure elements and the 
second subdomain that runs through the entire interface. 
The only direct contact from strand 3 to the barrel is a 
bidentate salt bridge from R304 to D536 (Figure 4B). Muta- 
tion of D536 to N has been shown to reduce the activity 
of the protein to 68% of wild type in an in vivo assay (Kim 
et al., 1995). 
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Figure 3. Overall Structure 
(A) Stereo Ca drawing of the MuA core. Every tenth a carbon is highlighted in black. 
(B) Ribbon drawing of the MuA core. Numbers given to the helices and strands are consistent with those assigned to the homologous HIV integrase 
core, and the three active site carboxylate residues are shown in black. 
(C) Orthogonal view of the MuA core. View is approximately 90 ° away from that shown in (B). The second subdomain, which lies behind the first 
in this view, is omitted for clarity. 
Comparison of the Three Independent Models 
The two models from the C2 crystal form and the single 
model from the C2221 crystal can be superimposed (as 
single rigid bodies) on one another with a root-mean- 
square (rms) deviation from the average position of 0.41 
• ~ for all backbone atoms in common and 0.65 ,~, for all 
atoms in common.  The major difference among the mod- 
els is the relative orientation of the two subdomains. This 
differs by about 4 ° between the C2221 model  and mono- 
mer 2 of the C2 crystal (monomer 1 is between these two 
extremes). That this domain interface should be flexible 
is not surprising given its small size and rather hydrated 
nature. 
Crystal Packing 
In both crystal forms, each monomer makes two dyad- 
related interfaces. Each monomer  interacts with its neigh- 
bors via the same two general regions of molecular sur- 
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A B Figure 4. Interactions between Subdomains 
(A) Closeup view of the domain interface. View 
is similar to that in Figure 3B, but rotated up- 
ward around a horizontal axis. The first subdo- 
main is colored yellow and the second blue. 
The three hydrophobic residues at the tip of 
the loop between helices B and C (shown in 
green) form part of the hydrophobic core of the 
second subdomain. Two large hydrophobic 
residues at the tip of the loop between strands 
1 and 2 (also in green) form a small part of the 
interaction surface between the two subdo- 
mains, but are more closely associated with 
the core of subdomain 1. 
(B) View is approximately 180 o from that shown 
in Figure 3B. R304 and D536 form a bidentate 
salt bridge between the subdomains. 
face, but the specific orientations of the partners in each 
dimer vary. The largest interaction surface is found be- 
tween monomers 1 and 2 of the C2 crystal form: using a 
1.4 ,~ probe, this interface buries a total of 2060/~2 of 
previously solvent-accessible surface (Figure 5A). How- 
ever, this figure may be slightly misleading, as the periph- 
eral parts of the interface are not tightly packed and con- 
tain a number of buried water molecules. The same 
general interaction is repeated in the C2221 crystal, but 
the two monomers have shifted and pulled away from one 
another such that only 890 ,~2 are buried (Figure 5B). In 
both cases, an important part of the interaction appears 
to be the burying of two leucines (368 and 369) found on 
the surface of helix C. 
The other dyad-related interface is formed by portions 
of helices D and E and the turn between them. The exact 
contacts at this interface vary widely for all three mono- 
mers, resulting in 975 ~,2 of surface area buried for the 
dimer formed by monomer 2 of the C2 crystal with a sym- 
metry-related monomer 2, 548 ,~2 for the dimer formed by 
two monomer ls, and 1010 ,~2 for the C2221 version. 
Thus, in both cases, only the general region of protein 
surface used to make the interface, and not the particular 
contacts, is conserved. 
Structural Similarity with Other Proteins 
MuA is a member of a family of polynucleotidyl transferase 
enzymes that share a structurally related core. To date, 
the family includes HIV-1 integrase, RuvC, and RNase H 
(Dyda et al., 1994; Yang and Steitz, 1995). The central 
five-stranded 13 sheet and helices equivalent o helices A 
and C of MuA can be found, with the same topology, in 
all members of the family. All but RuvC also share helices 
B and D. Integrase and MuA are the most closely related 
members of the family: all the secondary structure ele- 
ments found in the integrase core are also found in MuA 
(Figure 6). All of these enzymes are considered to use 
three (sometimes four) carboxyl groups to position one or 
two catalytic divalent metal ions. In all cases, two of these 
residues (usually aspartate) are found near the C-terminus 
of ~ strands 1 and 4 at a point where the strands split 
away from one another, forming a small cleft. The position 
of the third carboxyl, usually a glutamate, is more variable. 
In three of the four, it is found on the front side of the 13 sheet 
(as oriented in Figure 6A): for MuA and HIV integrase, just 
before helix D, and for RuvC on a helix that lies in the 
same general location as helix D but runs in the opposite 
direction. In RNase H, it is found on helix A, on the back 
side of the I~ sheet. The N-terminal part of helix D and the 
loop just before it in RNase H contain residues that, while 
not essential for catalysis, have considerable effects on 
K~at and Km when mutated (Haruki et al., 1994; Oda et al., 
1993b; Kanaya et al., 1990). 
These enzymes show a somewhat more distant relation- 
ship to both the kinase family and the 3'-5' exonuclease 
domain of Klenow fragment (Yang, 1991 ; Artymiuk et ai., 
1993). These enzymes have five 13 strands and helices 
equivalent to helices A and C of MuA, in the same topologi- 
cal arrangement, but often with large insertions. They have 
one active site carboxylic acid residue near the C-terminus 
of 1~ strand 1, but lack the D or E found on strand 4, and the 
location of the other active site residues is quite variable. 
The sequence homology among members of this family 
is extremely weak. When structurally aligned, the two clos- 
est members, MuA and HIV integrase, show only 15% 
sequence identity (Figure 6B). In fact, the homology is so 
poor that a 3D-1D profile search (Bowie et al., 1991), using 
a sequence profile based on the structure of MuA, failed 
to align the integrase sequence correctly, and vice versa. 
Most of the few residues that are conserved between 
the two enzymes play conserved structural/functional 
roles. The role of two of these, N448 (N184 of integrase) 
and $463 ($195 of integrase), is shown in Figure 6C. The 
asparagine extends from helix E and its amide side chain 
forms hydrogen bonds to the amide backbone on the ex- 
posed edge of the I~ sheet, which may be important in the 
positioning of helix E relative to 13 strand 3. $463 is at the 
N-terminus of helix F, and its side chain forms both a direct 
hydrogen bond to the N-terminus of helix F and a water- 
mediated hydrogen bond to the C-terminus of helix E, thus 
bridging the tight corner between these two helices. 
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D Figure 5. Dimer Interfaces 
Subdomain 1 is colored yellow, subdomain 2
is blue, the active site residues are red, and 
L368 and L369, on helix C, are dark blue. 
(A) The dimer formed by the two monomers in 
the asymmetric unit of the C2 crystal. 
(B) A similar, but not identical, dimer formed 
across a crystallographic dyad axis in the 
C222~ crystal. Although elix C is still near the 
center of the interface, details of the interaction 
are different in this crystal form, and less pre- 
viously solvent-accessible surface area is buried. 
Discussion 
Location of the DNA 
Although the sequence-specific DNA-binding domain has 
been removed, the core domain retains nonspecific DNA- 
binding activity (Nakayama et al., 1987). There are no ca- 
nonical DNA-binding motifs in our structure. Electrostatic 
calculations how a large region of positive potential cov- 
ering the lower side of the 13 barrel (Figure 7), suggesting 
that this region is involved in DNA binding despite the fact 
that it is not immediately adjacent o the active site. There 
are several possible segments of DNA with which the bar- 
rel could interact: the short stretch of DNA between the 
cleavage point and the endmost-specific MuA-binding site, 
the flanking host DNA, and the target DNA. The distance 
between the active site and the highly positive surface of 
the barrel suggests that it may act in trans, i.e., in the 
transpososome the barrel from one monomer may be adja- 
cent to the active site of another. 
Unfortunately, there is no detailed structural information 
on DNA complexes for any of the related polynucleotidyl 
transferases. Models of protein-nucleic acid complexes 
have been proposed for both Escherichia coil RNase H and 
RuvC (Katayanagi et al., 1992; Yang et al., 1990; Naka- 
m ura et al., 1991 ; Oda et al., 1993a; Ariyoshi et al., 1994). 
Although in detail the models are quite different, both place 
the substrate on the lower side of the enzyme, as drawn 
in Figure 6A. While a similar model appears reasonable 
also for MuA, these enzymes are sufficiently distinct from 
one another that it may not be valid to assume that the 
DNA approaches the active site in a similar manner in all 
cases. 
Regulation of Catalytic Activity? 
Although all three of the active site residues can be clearly 
seen in our electron density maps, they appear to be in 
an inactive configuration: the three carboxyl groups are 
too far apart to cooperatively bind to divalent metal(s). This 
is in contrast with the RNase H and RuvC structures in 
which the active site carboxyl groups are more tightly clus- 
tered. The position of E392 is the most striking: it is on a 
loop and pointed directly away from the other two residues. 
Although this loop is reasonably well ordered and is in 
nearly the same conformation in all three of our structures, 
there are several glycine residues in the vicinity and it is 
easy to imagine how it could be rearranged to bring the 
carboxyl of E392 into proximity with the rest of the active 
site. In the structure of the integrase core domain, this 
loop is too disordered to be modeled (Dyda et al., 1994), 
and in the structure of HIV RNase H, the corresponding 
loop is only ordered when it is part of the intact reverse 
transcriptase molecule (Davies et al., 1991; Jacobo-Molina 
et al., 1993; Kohlstaedt et al., 1992). Thus, flexibility in 
this loop region appears to be a common theme among 
some members of this group. Less obvious is that the 
distance between the two aspartic acid residues on the 
sheet is greater in MuA than in integrase or in RNase H: 
the Ca atoms of D269 and D336 are 0.5 A farther apart 
than the corresponding Ca atoms of RNase H (either E. 
coil or H IV) and 1.3/~ farther apart than the integrase ones. 
The side chain of D336 in MuA points away from D269 in 
our structures, further separating the two carboxyl groups. 
As the protein does not appear to be active until it has 
formed a transpososome, there must be some mechanism 
to transfer information about DNA binding and the oligo- 
merization state to the active site. Considering the dis- 
tance of E392 from D269 and D336, one could imagine 
that each active site is constructed upon tetramerization 
from carboxylate residues contributed from separate MuA 
monomers. However, mixing experiments involving MuA 
with mutations at these acidic residues clearly speak 
against such a model (Baker et al., 1994). The structural 
similarities with other nucleotidyl transferases described 
here also disfavor a composite active site model and favor 
a model involving a cooperative structural transition upon 
tetramerization and substrate binding. From electrostatic 
considerations, we suspect that the 13 barrel is involved 
in binding to DNA, but it may also be involved in the regula- 
tion of the chemical activity of MuA. By comparison of the 
three independent structures of the core domain, we can 
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Figure 7. Electrostatic Potential 
View is looking upward from the bottom of Figure 3B. Left, backbone 
trace, with subdomain 1 in yellow, 2 in blue, and the active site residues 
in red. Right, surface representation, from the same view, colored 
according to electrostatic potential, calculated by the program GRASP 
(Nicholls, 1993). Red represents -4.5 kTle; white, neutral, and blue 
represent +4.5kT/e. A large region of positive potential is found on 
the surface of the 13 barrel, suggesting a role in DNA binding. 
see that there is some flexibility in the relationship of the 
two subdomains. It could be that a larger change occurs 
on formation of the active complex (triggered by DNA bind- 
ing to the barrel, by contacts with other subunits, or by 
both) and that the long loop between helices B and C 
transmits this back to the active site. In agreement with 
this hypothesis, the bond N-terminal of R355 appears to be 
a predominant chymotrypsin site in the tetramer compared 
with the monomer  (T. Baker, personal communication). 
The peptide backbone of R355 is held ina  nonideal geom- 
etry in our structure (Figure 2B). These observations point 
to a possibility that a significant structural change takes 
place at the loop that bridges the two subdomains upon 
formation of the MuA tet ramer-DNA complex. 
Interestingly, the HIV integrase core is active as an iso- 
lated domain in a disintegration assay: given a branched 
substrate mimicking the product of a strand transfer reac- 
Figure 6. Comparison of MuA and HIV-1 Integrase 
(A) Superposition of the MuA (blue) and HIV integrase (gold) cores. 
The MuA structure has been truncated after helix F. 114 Ca atoms 
superimpose on one another with an rms distance of 1.7 .~. Although 
all secondary structure elements found in integrase are also found in 
MuA, most of the turns in MuA are longer, some substantially. 
(B) Structure-based sequence alignment. Sequences of the HIV-1 in- 
tegrase core (IN), the MuA core, and E. coil RNase H (RNH). Vertical 
bars represent regions of corresponding structure. Helix D can only 
be approximately aligned. For RNase H, the alignment of all the helices 
is somewhat arbitrary. The three essential acidic residues in each 
enzyme are highlighted in pink. Other residues that are identical in 
both MuA and integrase or MuA and RNase H are highlighted in yellow. 
Secondary structure for MuA is noted underneath. 
(C) Conserved architectural elements between MuA and HIV inte- 
grase. N448 and $463 are conserved and make similar, structurally 
important interactions, in both MuA and HIV integrase. Portions of 
strands 1-3 and helices E and F are drawn as polyglycine, and the 
side chains of N448 and $463 are also shown. Oxygen atoms are 
shaded light gray; nitrogen is dark gray. Hydrogen bonds are shown 
by dotted lines. $463 bridges the tight corner between helices E and 
F, while N448 hydrogen bonds to the peptide backbone at the dge 
of strand 3 where it packs against he inside of helix E. 
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tion, it will reseal the target strand as the viral DNA seg- 
ment is dissociated in an apparent reversal of the reaction 
(Bushman et al., 1993; Chow et al., 1992). We have failed 
to detect a similar activity with the MuA core (data not 
shown). It may be that in the integrase case, only substrate 
binding is necessary to bring the third residue into position, 
whereas MuA is more tightly regulated and requires higher 
order protein-protein interactions to bring this loop into 
the proper conformation. 
It may be that the active site region does not even come 
into contact with the substrate until the transpososome has 
assembled: under conditions in which only simple binding 
occurs, the cleavage site at the Mu genome end and four 
to five base pairs inside of it are not protected from foot- 
printing agents (Craigie et al., 1984; Zou et al., 1991). After 
formation of a stable transpososome, this region as well 
as approximately one helical turn of DNA outside of the 
Mu genome end are protected from footprinting agents 
(Lavoie et al., 1991; Mizuuchi et al., 1991). Thus, the re- 
quired conformational change in the active site region may 
be coupled to a more global conformational change that 
brings the substrate into the active site. 
Structural and Functional Similarities 
with Other Proteins 
Although some similarity between the structures of MuA 
and HIV integrase was expected from the mechanistic sim- 
ilarities between the two, the degree of structural similarity 
seen is quite striking given the poor sequence homology. 
The functional relationship to RuvC and RNase H is less 
obvious, although both are nucleases that are sensitive 
to the local environment of the substrate: RuvC cleaves 
DNA strands involved in Holliday junctions, and RNase H 
cleaves only the RNA strand of RNA-DNA hetero- 
duplexes. 
The sequence homology between MuA and the other 
related proteins is so limited that it alone cannot provide 
a definitive answer as to how far beyond the first subdo- 
main the structural homology will extend. The crystal struc- 
ture of the HIV integrase core ends with helix F. The re- 
cently determined NMR structure of the C-terminal domain 
of the HIV integrase shows that, like the 13 barrel of the 
MuA core, it is rich in 13 strands, but their arrangement is 
distinct from that of MuA (P. Lodi, J. Ernst, M. Clore, and A. 
Groenenborn, personal communication). Itis interesting to 
note that, as we believe for the M uA 13 barrel, the C-terminal 
domain of HIV integrase binds DNA nonspecifically (Vink 
et al., 1993; Woerner and Marcus-Sekura, 1993). 
The contacts between the two subdomains of the MuA 
core cannot be well conserved among members of the 
transposase/integrase family, as a large fraction of them 
are provided by two loops of variable length. The loop 
between helices B and C extends from subdomain 1 to 
form a small but integral part of the barrel (Figure 4A). 
This loop is part of the spacer region between the second 
D and the E of the active site that is 35 residues in many 
members of transposase/integrase family, including HIV-1 
integrase, but 55 in MuA. Members of the IS4 subfamily 
also appear to have longer spacer regions, but as these 
vary in length from 43-155 residues, details of this turn 
will vary widely among members of this subfamily (Rezso- 
hazy et al., 1993). Another, smaller, contact surface be- 
tween the two subdomains involves the loop between 13 
strands 1 and 2, which is also too short in HIV integrase 
and many other related proteins to be a conserved contact. 
MuA can also be activated by the MuB protein, which 
recognizes the final 36 residues of the MuA protein (Wu 
and Chaconas, 1994). The 13 barrel and the loop between 
helices B and C thus could also be involved in transferring 
information from the C-terminus of the protein (and MuB) 
back to the active site. However, several other mobile ele- 
ments encode an ATPase protein analogous to MuB (Row- 
land et al., 1995; Radstrom et al., 1994). While it is not 
known if the transposases from these systems include a 
domain analogous to the 13 barrel of MuA, they have only 
a 35 residue spacer between the last two of the three 
conserved carboxylates and, thus, cannot have an ex- 
tended loop bridging the two subdomains as shown in 
Figure 4A. MuA may have gained an additional mecha- 
nism to control its activity for the benefit of the lifestyle of 
Mu as a temperate phage in a way not critical for other 
elements. How the communication between the two sub- 
domains is used for a physiological advantage may be- 
come clear when the structural organization of the transpo- 
sosome complex becomes known. 
More data is needed before we can justify modeling how 
four active sites are brought together in the transposo- 
some to accomplish coupled cleavage and strand transfer. 
Although our structures do highlight wo regions that are 
repeatedly used in protein-protein interactions, especially 
helix C, the exact nature of the interactions formed by 
these regions differs between the two different crystal 
forms. It is not known at this point whether these regions 
are responsible for interactions between monomers in the 
transpososome, or for interactions among different do- 
mains of the intact protein. Very little is known about the 
oligomerization state for other members of transposase/ 
integrase family. Complementation studies indicate that 
HIV integrase is active as some form of oligomer (Engel- 
man et al., 1994; van Gent et al., 1993), and its core domain 
is a dimer both in solution and in the crystal (Hickman et 
al., 1994; Dyda et al., 1994). However, the dimer formed 
by the integrase core cannot be replicated by the MuA 
core because helix G of MuA interferes with the positioning 
of helix E of the second monomer in the modeling of a 
similar dimer structure. 
The sequence of MuA is a rather distant outlier in the 
transposaselintegrase family. That it is so closely related 
structurally to HIV integrase implies that, at least in this 
domain, the structures of all members of the family are 
very similar. How far this homology will extend remains 
to be seen. 
Experimental Procedures 
Protein Purification, Crystal Growth, and Data Collection 
MuA 248-574 was overexpressed in E. coil and purified essentially 
as previously described for the intact protein (Baker et al., 1993) with 
the following modifications: after (NH4)2SO4 fractionation, a desalting 
column (Sephadex G-25) was used to equilibrate the redissoIved pre- 
cipitate with starting buffer for the phosphocellulose column. The KCI 
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Table 2. Statistics of the Data 
Resolution Rr..rg~ Completeness R¢~o= b 
C2 form 
Native 2.7 ,~ 9.5% 92.5% 
Hg ~ 2.9 A, 12.3°/0 97.60/0 10.2°/o (3.2 ~) 
Pt ~ 3.5 ,~, 15.0% 92.2% 12.8% (3.5 A) 
C222~ form 
Native 2.4 ,~, 10.8% 95.7% 
Rm~rge = ]~ll - <l>l/;~ I in which I is an individual observation and 
<1> is the average of all observations of that reflection. For the two 
derivative data sets, all observations with I > - 3a, were used, for the 
C2 native, all those with I > 0, and for the C2221 form, all those with 
I>  -3a , .  
b Rcro~ = T-,lln=i~e - Id~,=,,t=,,l/~ I. All reflections with I > 0 were used in 
the calculation. 
Hg, 0.1 mM ethyl thio mercury salicylate. 
Pt, .01 x saturated platinum ethylene diamine dichloride. 
gradient for the phosphocellulose column was from 0.4-1.2 M, and 
hydroxyapatite column chromatography was carried out without addi- 
tion of KCI to the buffer. Purified protein was precipitated with (NH4)2SO4 
and redissolved at 16 mg/ml by dialysis against 10 mM Tris, 0.5 mM 
EDTA, 1 mM DTT (pH 7.5). Initial crystallization conditions were found 
using the commercial version (Hampton Research) of the sparse ma- 
trix screen (Jancarik and Kim, 1991). Crystals were grown by vapor 
equilibration using the hanging or sitting drop method. The C2 crystal 
form was grown as follows: well solution containing 13-16% (w/v) PEG 
4000, 0.2 M Li2SO4, 75 mM Na3 citrate (pH 6.0), and 2-15 mM DTT 
was mixed with protein (at 16 mg/ml, as above) in a 3:2 ratio and 
allowed to equilibrate at room temperature. The crystals were needles 
that often reach 2 mm in length, but were rarely thicker than 0.1 mm. 
The C2221 form was grown from the same well solution, but with the 
addition of 0.5% (w/v) ~-octyl glucoside and 5% PEG 400, and at 4°C 
rather than room temperature. These crystals grew as thin plates, and 
microseeding was necessary to obtain single ones. Both crystal forms 
were harvested into stabilizing solution of the same composition as 
the well solution except that the PEG 4000 concentration was raised 
to 20%. 
Data was collected on an R~s IIC image plate detector mounted 
on an RU200 rotating anode source at room temperature for the C2 
crystals and at 4°C for the C222~ crystals. A single crystal was used 
for each data set, although the C2 crystals were each translated two 
to four times during data collection. Data were reduced and scaled 
using DENZO and SCALEPACK (Otwinowski, 1993). 
Structure Solution: 02 Crystal Form 
For heavy atom soaks, crystals were briefly rinsed in a stabilizing 
solution containing no DTT before transfer to stabilizing solution con- 
taining heavy metal. The first derivative was prepared by soaking a 
crystal for 5 days in .01 x saturated (<1 mM) platinum ethylene diamine 
dichloride. The second derivative crystal was soaked overnight in 0.1 
mM ethylthiomercury salicylate. 
Phases were calculated and refined using MLPHARE (Otwinowski, 
1991). Details of the data collection and phasing are shown in Tables 
2 and 3. Initial phases were calculated to 3.2,~, and improved by solvent 
flattening using the routines within the CCP4 package (Wang, 1985; 
CCP4, 1979), by averaging about the noncrystallographic twofold and 
solvent flattening using the RAVE suite of programs (Kleywegt and 
Jones, 1994), and by averaging, solvent flattening, and histogram 
matching using SQUASH (Zhang, 1993). The location of the noncrys- 
tallographic twofold axis was originally defined using the PHASES 
package (Furey and Swaminathan, 1990) and later refined using 
the RAVE suite. Phases were extended to 2.9 ,~ using SQUASH or 
3.075 .~, using the RAVE suite. O was used for inspection of electron 
density and solvent masks and for model building (Jones et al., 1991). 
Several rounds of mask modification and averaging were necessary, 
as some turns were outside the original mask. 
The model was refined by simulated annealing and energy minimi- 
zation using XPLOR (BrLinger, 1992). All data with F > 1 aF between 
8 and 2.8,~ resolution were used in the refinement, except for a random 
5% that was reserved for the free R factor calculation. The stereochem- 
ical parameters based on the Cambridge structural data base were 
used (Engh and Huber, 1991). Refinement started with one cycle of 
simulated annealing at 3000 K, followed by energy minimization and 
refinement of restrained individual B factors. No explicit noncrystallo- 
graphic symmetry restraints were used, but during this first cycle the 
phases were restrained to those of the best averaged electron density 
map. This procedure reduced the R factor from 40.4% for the original 
model to 22% (29.7°/0 for Rfr~,). Subsequent rounds of rebuilding and 
energy minimization without phase restraints further reduced the R 
factor to 21.4% and 27.6% for Rfree. The stereochemistry of the model 
is quite good, as can be seen in Table 1. No solvent is included in 
this model. 
Structure Solution: C222~ Crystal Form 
This second crystal form was solved by molecular eplacement using 
the refined coordinates of monomer f from the C2 crystal as a search 
model. XPLOR was used for both the rotation and translation functions. 
The rotation function, calculated between 15 and 3.5 ,~ resolution, 
gave a single peak 10.4 ~ above the mean and 5.7 a above the next 
highest peak. The translation function, calculated from 12 to 3.5 A, 
resolution, gave a peak 13.4 a above the mean, also well above the 
next peak. The initial solution was refined as two rigid bodies, one 
corresponding to each subdomain, from 8 to 3 ,~ resolution, resulting 
in a drop in the R factor from 47.5% to 36.2%. After minor rebuilding, 
the resolution was extended to 2.5/~ and the model was subjected 
to simulated annealing at 3000 K. As before, 5% of the data was 
reserved for R~ree. The model was then further improved by several 
Table 3. Phasing Statistics 
Hg Derivative Pt Derivative 
Resolution (,~) Figure of Merit Phasing Power Rc Phasing Power Rc 
10.27 0.4884 1.04 0.63 0.55 0.85 
7.80 0.5024 1.09 0.60 0.84 0.74 
6.30 0.5386 1.44 0.54 0.93 0.83 
5.27 0.5251 1.54 0.54 0.85 0.99 
3.98 0.4039 1.53 0.77 0.55 0.95 
3.55 0.3236 1.43 0.86 0.51 0.98 
3.20 0.2447 1.14 0.91 - - 
Total 0.3788 1.35 0.69 0.66 0.90 
Heavy atom parameters were refined using MLPHARE (Otwinowski, 1991). For the Hg derivative (see Table 2), isomorphous difference data 
between 15 and 3.2 ,~ resolution and anomalous difference data between 15 and 5 ,~ were included in the calculations. For the Pt derivative (see 
Table 2), only isomorphous difference data was used, between 15 and 3.8 ,~, resolution. Phasing power is the ratio of the mean calculated heavy 
atom structure factor to the mean lack of closure error and is reported for the acentric reflections; Ro is the Cullis R factor, defined as the ratio 
of the mean lack of closure error to the mean isomorphous difference (IFpH - Fpl), calculated for centric reflections only. Phases were later improved 
by solvent flattening and averaging about the noncrystallographic twofold (see text for details). 
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cycles of refinement and rebuilding, including one more cycle of simu- 
lated annealing, and the resolution was further extended to 2.4 ,~. The 
turn from residue 418 to 425 was deleted, as there was very little 
electron density to support it, and 130 water molecules were added 
to the model. Statistics of the final model are presented in Table 1. 
Miscellaneous Calculations and Figure Preparations 
ACCESS was used to calculate solvent accessible surface areas (Lee 
and Richards, 1971). Figure 2 was made using the program O (Jones 
et al., 1991), Figures 3A and 6C were made using MAXIM, written and 
provided by Mark Rould, Figures 3B, 3C, 4, and 5 were made using 
MOLSCRIPT (Kraulis, 1991), Figure 6A was made using Ribbons (Car- 
son, 1991), and Figure 7 was made using GRASP (Nicholls, 1993). 
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